Integrated silicon microwave photonics offers great potential in microwave phase shifter elements, and promises compact and scalable multi-element chips that are free from electromagnetic interference. Stimulated Brillouin scattering, which was recently demonstrated in silicon, is a particularly powerful approach to induce a phase shift due to its inherent flexibility, offering an optically controllable and selective phase shift. However, to date, only moderate amounts of Brillouin gain has been achieved and theoretically this would restrict the phase shift to a few tens of degrees, significantly less than the required 360
Integrated silicon microwave photonics offers great potential in microwave phase shifter elements, and promises compact and scalable multi-element chips that are free from electromagnetic interference. Stimulated Brillouin scattering, which was recently demonstrated in silicon, is a particularly powerful approach to induce a phase shift due to its inherent flexibility, offering an optically controllable and selective phase shift. However, to date, only moderate amounts of Brillouin gain has been achieved and theoretically this would restrict the phase shift to a few tens of degrees, significantly less than the required 360
• . Here, we overcome this limitation with a phase enhancement method using RF interference, showing a 360
• broadband phase shifter based on Brillouin scattering in a suspended silicon waveguide. We achieve a full 360
• phase-shift over a bandwidth of 15 GHz using a phase enhancement factor of 25, thereby enabling practical broadband Brillouin phase shifter for beam forming and other applications.
I. INTRODUCTION
Integrated microwave photonics (IMWP) holds great promise for many applications including radio frequency (RF) phase shifters. IMWP benefits from established photonic phase manipulation techniques and has the inherent advantage of broad bandwidths and immunity to RF interference [1] .
RF phase shifting devices are particularly important for phased array antennas (PAAs) which can dynamically change their beam profile by controlling the phase of the signal to each successive antenna element, giving them a high degree of flexibility [2, 3] . PAAs are quickly becoming integral components for many applications such as satellite communication, RADAR, medical imaging, 5G networks and sensing [3, 4] . Silicon is the most actively researched material in the field of integrated photonics largely due to its compatibility with complementary metal oxide semiconductor (CMOS) processes, high damage threshold and strong optical nonlinearities [5] . Silicon IMWP offers a massive reduction in size, weight and power consumption (SWaP) allowing a high degree of integration of complex optical structures with low loss on a chip [6] [7] [8] [9] . The ideal IMWP phase shifter is able to induce a continuously tunable 360
• phase shift over a broad bandwidth with minimal insertion loss, small amplitude fluctuations and is integrated on a chip with a small footprint and overall low power consumption. In an IMWP phase shifter an input RF signal is modulated on an optical carrier creating sidebands. An optical phase shift is then applied to either the optical carrier or sideband, which leads to a phase shift of the RF output signal upon photodetection (Fig. 1 b) . There have been many FIG. 1. The input RF signal is modulated onto the optical carrier, where it experiences a phase shift induced by Brillouin scattering. The phase shifted optical carrier and sideband beat at the photodiode resulting in a phase shifted RF output signal. SB, sideband; C, carrier; P, Brillouin pump; MOD, modulator; PD, photodetector.
approaches of utilizing an optical phase shift to achieve an RF phase shifter in IMWP systems. For example, IMWP phase shifters have been realized based on the electro-optic effect utilizing free carrier dispersion and multiplexing/ de-multiplexing of the optical carrier and sidebands [10] . Another way of generating the optical phase shift on a chip are resonant structures, such as rings and gratings [11] . However, amplitude dependence of the induced phase shift and in the case of rings, limited tunability due to the free-spectral range are challenges for broadband applications. On the other hand, Brillouin scattering offers a powerful solution as it can induce a tunable, gain-based phase shift over a narrow bandwidth of around 30 MHz [12] . More recently, forward Brillouin scattering has been demonstrated in an integrated silicon platform using a suspended waveguide structure, which is capable of guiding both the photons and phonons [13, 14] . Microwave photonic phase-shifting schemes based on backward stimulated Brillouin scattering (SBS) have previously been implemented in optical fibre [15, 16] . This concept has been further developed to implement the scheme in an integrated chalcogenide platform, however, due to the limited available on-chip Brillouin gain only a 240
• phase shift was achieved [17] . To achieve a 360
• phase shift, more Brillouin gain would be required, demanding a very large amount of pump power. Even record high Brillouin gain in optimized chalcogenide waveguides of 52 dB could only achieve a ±160
• phase shift [18] . In silicon the requirement of ultra-high gain is even more challenging as recent demonstrations of Brillouin scattering in silicon were limited by nonlinear losses [13, 14, 19] . Hence, a technique to enhance the achievable phase response is required. In this article, we demonstrate a 360
• broadband Brillouin-based RF phase shifter in a suspended silicon waveguide with a bandwidth of 15 GHz. The 360
• phase shift was achieved from only 1.6 dB of Brillouin gain using a phase enhancement factor of 25. Hence, the required pump power is greatly reduced and the RF link gain variation is minimized to only ± 3 dB. The RF bandwidth of this proof-of-principle demonstration was only limited by the available bandwidth of our components and can in principle be greatly increased. The broadband phase shift enhancement scheme introduced in this paper is based on RF interference and can be used for many applications beyond Brillouin-based phase shifter such as optical signal processing or sensing by reducing power requirements or greatly increasing sensitivity.
II. PRINCIPLE AND SETUP
The basic principle of a broadband microwave phase shifter is shown in Fig. 1 a) . The RF signal is modulated on an optical carrier using a modulator which produces optical side-bands. The phase of the optical carrier is then shifted in the optical domain which causes a shift of the phase of the RF output signal that is generated at the photodetector by beating the carrier with the sideband (see Fig. 1 b) . In this work, the optical phase shift is induced using Brillouin scattering. Brillouin scattering is a narrowband χ 3 nonlinear effect that resonantly
FIG. 2. a)
Two optical signals are passed through the phase modulator to generate out-of-phase sidebands which are filtered using a dual-bandpass filter (dotted green line). b) The beating of carrier 1 (yellow) and carrier 2 (blue) destructively interfere, generating a resulting RF tone (red). c) RF1 (yellow) experiences a phase shift due to Brillouin scattering θ1, caused by vectorial addition the phase of the resultant θ2 is amplified with the opposite sign. θ1, SBS induced phase; θ2, enhanced phase.
couples two optical waves -known as Stokes wave ω s and a higher frequency pump wave ω p -with an acoustic wave Ω. This process needs to fulfill energy conservation given by Ω =ω p -ω s and momentum conservation which can be written as
is the wavevector of the acoustic wave and k(ω p/s ) the wavevector of the optical pump and Stokes wave, respectively. While Brillouin scattering can occur in either the forward or backward direction in silicon it is typically studied in forward direction and hence the acoustic wave is mainly a transverse wave and hence the wavevector difference between the pump and Stokes wave is small. The optical signal ω p coherently amplifies an optical probe that is located at the Stokes frequency ω s and in the process is inducing a phase shift as a consequence of the Kramers-Kronig relations [20] . The width of the Brillouin resonance and the according phase shift is given by the inverse of the lifetime τ of the acoustic wave and is in our silicon waveguides around 30 MHz. To achieve a 360
• phase shift, however, more than 50 dB of Brillouin gain is required [16] , which would demand an impractical amount of pump power. The maximum achievable gain in silicon is currently far below the threshold required to achieve a 360
• phase shift [14] . It has been shown previously that the phase shift can be enhanced using interferometry [21] [22] [23] . However, so far these schemes have only been applied over a relative narrow bandwidth [21] [22] [23] .
Here, on the other hand, we propose and demonstrate a phase enhancement scheme that has a broad bandwidth of several GHz. The phase enhancement is achieved by interfering an out-of-phase RF signal with the original RF signal. This second RF signal is generated from a second laser that was added to the Brillouin phase shifter scheme (see Fig. 2 ). Both RF signals are generated using the same phase modulator and by filtering opposite sidebands one assures that the generated RF signals are out-of-phase when beating on the photodetector (see Fig.  2 a) ). The signal (RF 1 ) from carrier 1 destructively interferes with the RF signal from carrier 2 (RF 2 ) resulting in a smaller net vector (red) as shown in Fig. 2 b) . The Brillouin phase shift is applied to the carrier of RF 1 which was set to be slightly smaller than RF 2 . Due to the Brillouin amplification and the induced phase shift the ratio between the two RF signals changes and the resultant phase shift can be calculated using vector addition (see Fig. 2 c) ). It is worth noting that the phase shift of the resultant vector θ 2 is in the opposite direction to the phase shift experienced by RF 1 , which is given by θ 1 in Fig. 2 c) . Large phase shifts from only a minimum amount of Brillouin amplification can be achieved when the amplitudes of RF 1 and RF 2 prior to applying the Brillouin gain are closely matched. However, due to the interferometric nature of the phase enhancement scheme, there is an inherent trade-off between link gain and the phase enhancement factor. The experimental setup of our Brillouin RF phase shifter is shown in Fig. 3 . A narrow linewidth distributed feedback (DFB) laser (laser 1) is split into two paths using an optical coupler, a pump path and a signal path. The RF input is modulated on the optical carrier in the signal path using a phase modulator, generating two sidebands. One of these sidebands is then filtered out. The carrier in the pump path is frequency-shifted using a dual-parallel Mach-Zehnder modulator (DPMZM) and is amplified afterwards with an Erbium doped fibre amplifier (EDFA). Both arms are then recombined before they are coupled into the chip using grating couplers. The integrated waveguide in this demonstration is a suspended silicon rib structure with dimensions of 220 nm x 450 nm and a length of 2 cm. The suspended architecture enables the waveguide to guide photons and phonons without them dissipating into the silica [14] . The waveguide was fabricated at IMEC through ePIXfab. The nanowires were immersed in 10% diluted hydrofluoric acid with an etching rate of 40 nm/min for 20 minutes to release them from the silica substrate. The insertion loss of the optical waveguide is 13 dB, consisting of 3.5 dB coupling loss per facet using grating couplers and a transmission loss of 3 dB/cm. After the waveguide a highly selective band-pass filter is used to remove the optical pump and the optical carrier and sideband are detected at the photodetector. To achieve the phase enhancement a second laser is coupled into the same phase modulator as laser 1 (see dotted green box in Fig.3 ). After the phase modulator, a dual band-pass filter is used to selectively remove the opposite sideband from each optical carrier, so the resulting RF tones are 180
• out of phase.
III. EXPERIMENTAL RESULTS
We first measure the phase response of the forward Brillouin resonance in the silicon waveguide (see Fig.  4 shown in blue). We use a vector network analyser (VNA) to sweep an optical probe signal through the Brillouin resonance that is measured to be 4.42 GHz. The linewidth of the resonance is around 30 MHz and we can see a ± 10
• of phase shift for around 2 dB of Brillouin gain. This moderate amount of phase shift can be enhanced by adding the second, out-of-phase RF signal via the second laser (Fig. 4 shown in orange). With the second laser and the vectorial addition of the phases we achieve a full 360
• phase response with the same amount of pump power and Brillouin gain. Hence a phase enhancement factor of 18 was achieved in this demonstration. We now want to implement the Brillouin phase shift in a broadband RF phase shifter configuration. Therefore we apply the Brillouin phase shift on the optical carrier signal. This allows us to sweep the sideband over a wide RF frequency range relative to the carrier where all the sideband frequencies experience the same phase shift. Using this technique a flat phase shift, i.e. a minimum dependence of the phase shift on RF frequency, can be achieved over tens of GHz that is only limited by the bandwidth of the electo-optic components such as the modulator and the photodetector. Figure 5 a) shows a broadband RF phase shift of ± 7.3
• over a frequency range from 5 GHz to 20 GHz. The phase shift was achieved by applying 1.6 dB of Brillouin gain to the carrier using 18 dBm coupled pump power. The phase shift can be continuously adjusted between ± 7.3
• by either adjusting the power of the pump to alter the Brillouin gain or by keeping the pump power constant and scanning the pump frequency through the Brillouin resonance. We used the latter approach as scanning the frequency has the advantage of providing direct access to positive and negative phase shift values. In our implementation, the separation of the pump and the carrier is controlled very precisely by the microwave source that is used to shift the pump frequency with the DPMZM. In the broadband configuration we now add the second laser to show that the phase enhancement scheme also works for broadband RF signals. We therefore keep all the parameters, such as the optical pump power, used in Fig. 5 a) but use the phase enhancement to achieve 360
• shown in Fig. 5 b) . Here, both sidebands sweep relative to the carrier from 5 GHz to 20 GHz, but in opposite direction, i.e. to lower and higher optical frequencies, respectively. Again tuning of the phase shift is achieved in a continuous way by sweeping through the Brillouin resonance using the microwave signal that drives the DP-MZM. The phase enhancement factor in this broadband demonstration was 25. We note that the phase variations with frequency in the phase enhanced case is larger than in the non-enhanced case. One reason is the large phase enhancement factor used in this proof-of-principle demonstration that makes the measurement very sensitive to enviromental fluctuations. A major source for these fluctuations is the strong optical pump wave that co-propagates with the RF signal modulated on the optical wave. This pump wave needs to be filtered out before the photodetector, however, due to the small frequency difference between pump and carrier of less than 5 GHz it imposes stringent requirements on the filter. This small frequency spacing means that the filtering allows parts of the pump wave to leak onto the photodetector and also attenuates parts of the carrier and hence decreases the signal to noise ratio. Also, the roll-off of the filter has a dispersive effect that can cause variations when RF 1 and RF 2 signals interfere. However, these challenges are not fundamental to the scheme and can be overcome by using for example a dual waveguide scheme that has the pump in a different waveguide than the carrier signal with an acoustic mode coupling the two modes, as recently demonstrated [24] . Another important metric for microwave photonic phase shifter is the amplitude variation with the phase shift. We measured the amplitude variation over the full 360
• phase shift in the frequency window from 5 GHz to 20 GHz with a phase enhancement factor 25 (see Fig. 6 ). The measured variation is ±3 dB. The measured small amplitude variation illustrate another advantage of the phase enhancement scheme as a phase shifter based on Brillouin scattering alone would induce more than 50 dB (due to the large required gain to achieve a 360
• phase shift). Schemes that compensate the link variation by overlying the Brillouin gain with a Brillouin loss response induced by a second laser where put forward in optical fiber to reduce the link variation [15, 17] . While a great reduction of amplitude fluctuations could be achieved the maximum frequency is limited to twice the Brillouin shift of the waveguide.
IV. DISCUSSION
It is foreseeable that the system could be implemented entirely in an integrated platform as all the required components have already been demonstrated. Integrating the whole scheme on a chip would not only further reduce size, weight and power (SWaP) consumption but also increase the stability of the interference-based scheme due to smaller fluctuations in relative optical path length. The improved stability might allow even larger phase enhancement factors, which would further decrease the • using a factor of 25 phase enhancement. The data is normalized to the underlying RF link.
power consumption. Furthermore, avoiding coupling in and out of the chip could decrease losses, which will increase the overall link gain. There are many possible pathways to integrating the whole system on a chip, with the individual devices already showing a high level of development and performance. For example, integrated optical photodetectors have been demonstrated with bandwidths over 100 GHz and high output power [25, 26] . Also, on-chip modulators have been demonstrated based on different effects, including plasmonic, P-N junctions, and electro-optic materials [27] [28] [29] . Laser sources in silicon are still a big challenge due to the indirect bandgap of silicon, however, great progress has been made in III-V based lasers sources [30] that can be combined with silicon chips using different bonding techniques, such as flip-chip bonding [31, 32] . Other required components such as integrated optical filters and demultiplexers such as arrayed waveguide gratings (AWGs) are already mature technologies [33, 34] .
V. CONCLUSION
Here, we have demonstrated a 360
• Brillouin-based RF phase shifter over a bandwidth of 15 GHz, with only minimal amplitude fluctuations in a CMOS-compatible silicon waveguide. We introduced a broadband RF interference scheme that enhanced the phase shift by a factor of 25, which allowed us to achieve a 360
• phase shift from only 1.6 dB of Brillouin amplification. The phase enhancement scheme does not only greatly reduce the power requirement but also enabled the first demonstration of a Brillouin-based phase shifter on-chip that reaches a full 360
• phase-shift. A Brillouin-based approach has many advantages over other schemes such as the narrow bandwidth of the phase response that is applied to the carrier. The narrow bandwidth and high selectivity allows the phase shifting scheme to be applied to the low RF frequencies close to the carrier without the sidebands interfering with the optical resonance. The Brillouin resonance can also be applied selectively to individual carriers for wavelength-multiplexed signals in a waveguide, for example, by processing the individual spectral lines of a frequency comb in a single waveguide [35, 36] . The broadband phase enhancement concept introduced here is not limited to Brillouin-based phase shifters and can find many other practical applications. It can in general greatly reduce the power requirements of phase shifters, delay lines and true-time delay schemes but can also be utilized in sensing schemes that rely on measuring a phase shift; in the latter, a potentially small phase shift can be enhanced and in the process the sensitivity can be increased.
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